Over the last 5 years the CPT (Cone Penetration Test) has become the reference geotechnical tool for assessing burial conditions along pipeline or telecommunication cable routes. At shallow penetrations in sands, the increase of the cone resistance with depth is strongly affected by the low confining pressures due to the overburden. This transitory phase is ignored in traditional CPT interpretation methods.
Introduction
In response to the demand of the telecommunication cable market new tools have been recently developed and introduced for burial assessment purposes which are now available to the pipeline industry. The CPT has become the reference tool for obtaining the geotechnical data required for burial engineering. It is used in conjunction with continuous profiling techniques, e.g., seismic refraction or electrical resistivity. These techniques implemented through bottomtowed sleds provide an accurate stratigraphy of the subsoil over the target burial depth and a quantitative characterization of the materials via their compressive seismic velocity (Vp) or their electrical resistivity (ρ). A more detailed description of the so-called e_bass (electronic burial assessment survey) technology can be found in a companion paper to this conference (OTC 14074).
Correlating geophysical parameters (Vp, ρ) obtained on a continuous basis and geotechnical parameters derived from CPT measurements at discrete locations is the key to data integration and continuous assessment of burial conditions all along the route.
Extensive research has been carried out with a view of establishing relationships between CPT data and geophysical or mechanical properties of sands. The main results available concern correlations between: -cone resistance (q c ), relative density (Dr) and confining pressure (σ' v or σ' m ), e.g., Schmertmann (1978) , Lunne and Christoffersen (1983) , ; -compressive (Vp) or shear (Vs) wave velocities (alternatively small strain moduli Emax or Gmax), soil density and confining pressure e.g. Hardin (1978) 
, Dobry et al. (XX), Lo Presti and O'Neill (1991).
Relations between seismic velocities have been inferred by combining the above two sets of correlations, e.g., Jamiolkowski and Robertson (1988) , Foray and Bouguerra (1995) or by direct measurements of both quantities in calibration chamber tests, e.g., Baldi et al. (1989) or Rix and Stokoe (1991) .
These works have a common limitation due to the fact that experimental data used to establish the correlations were obtained at confining pressures in excess of 50 kPa. Their applicability to low confining pressures (typically less than 30 kPa) representative of the first 2 to 3m of penetration relevant for burial engineering remains questionable. A series of laboratory CPT tests in homogeneous sand pits carried out at the University of Grenoble in the 70's (Foray and Puech, 1976) had shown the strong influence of the value of the confining pressure on the rate of increase of the cone resistance at shallow penetration. This paper focuses on the interpretation of CPT curves at shallow penetration in sands and proposes a refined model to derive accurately the geotechnical parameters required for burial assessments: the effective friction angle φ' and the relative density Dr.
Preliminary relations between cone resistance (q c ) and compressive seismic velocity (Vp) in marine sediments can be found in OTC paper 14074.
Experimental data Data bank. The work presented herein is supported by two different sets of data: laboratory data and in-situ data.
Laboratory data were obtained in the large calibration chambers of the University of Grenoble under atmospheric pressure. They consisted in pushing standard CPT probes at 2cm/s into homogeneous sand masses. Two chambers were used, one with 1.5m in diameter and 2m in depth, the other with 1.2m in diameter and 1.5m in depth. Three different silica sands were studied: i) Hostun angular grained sand, with d 50 = 0.38mm and a uniform grain size distribution, ii) Loire river sand with d 50 = 0.9mm, well-rounded grains and a poorly graded distribution, and iii) Fontainebleau aeolian fine sand with d 50 = 0.2 mm, rounded grains and uniform distribution. Appropriate procedures, using a constant pluviation rate through a double mesh diffuser, were applied to obtain homogeneous soil samples. Relative densities varied from 0.25 to 0.9. These laboratory CPT tests were conducted in order to analyse the phenomenology associated to cone penetration at shallow depth and develop the conceptual model. In-situ data were obtained during major telecom cable route surveys (SeaMeWe 3, Apollo, Cross Channel, 360 Pacific, FLAG) using Fugro's Searobin module capable of 2m penetrations (now extended to 3m) in water depth of up to 2000m. Among the huge amount of data collected, more than two hundred CPTs were selected and analyzed. They are representative of a large panel of siliceous sands (fine to coarse, very loose to very dense) of various origins (North Sea, West Europe continental shelf and slope, East US continental shelf and slope, West US continental slope). Insitu data were mainly used to calibrate the model.
Experimental evidence.
A selection of some CPT data collected in-situ is presented on Figure 1 . There is an evident similarity in the evolution of the cone resistance with depth between the Searobin data and the laboratory data analyzed in the following section.
Visual observations indicate that two penetration phases can be distinguished:
-the first phase is characterized by a parabolic increase (upwards concavity) of the cone resistance with depth. This phase is particularly evident in medium dense to very dense sands. Laboratory measurements have shown that this phase is associated with upward movements of the surface around the cone rods. -at a certain depth, the increase in cone resistance slows down very fast and the cone resistance enters into a quasi-stationary regime. -the transition depth between the two penetration phases increases with the state of compaction of the sand; -the first phase of penetration tends to reduce and disappear in loose to very loose materials.
Interpretation of CPT data at shallow penetration Phenomenology. The initial stage of the CPT penetration curve can be analyzed from the extrapolation of the bearing capacity models for shallow foundations. Different failure modes occurring under shallow footings have been observed and reported by Vesic (1970) . A general failure with a full lateral displacement of the sand, corresponding to the Terzaghi model, occurs generally in dense sands. A partial failure corresponds to a medium dense sand and a punching failure is observed for a very loose sand. Partial or punching failures are also observed in very compressible calcareous sands. The evolution from general to punching failure corresponds to the transition of the volume changes in the sand from a dilative to a contractive behavior according to its density. For shallow foundations, density is the factor governing dilatancy. A similar transition can be considered when the cone tip penetrates into a sand of a given density ( Figure 2 ). In this case the stress level is the factor governing the dilative/contractive behavior of the soil: as the tip penetrates, the average stress around the cone increases, inducing a compressibility of the surrounding soil. Large depth bearing capacity models have been developed in order to take into account the evolution of the failure pattern under the tip from a lateral expansion towards the soil surface to a punching failure pattern, close to a cavity expansion model (Vesic,1972) During the initial stage of the penetration, the low stress level around the tip induces a dilative behavior of the soil and its lateral expansion with an increasing length of the slip lines towards the surface. This corresponds to an upward concavity of the penetration curve. With increasing penetration depth, the stress level around the tip increases and reaches the critical pressure where the soil undergoes a compressive behavior. The change in concavity corresponds to the first occurrence of compressibility mechanisms close to the tip. After a certain penetration where the stress level is large enough, the compressibility mechanisms become predominant and the tip reaches its quasi-stationary value corresponding to the density of the sand. Tests performed by Kerisel and Adam (1962) in a very large sand pit filled with homogeneous sand over 7m deep have shown that this quasi-stationary value seems to be almost constant, but increases with a slight gradient if the vertical scale is expressed in meters. Similar observations have been reported by Meyerhof (1976) . The development of Calibration Chamber Testing allowed one to evaluate the response of the CPT at much larger simulated depths and showed a continuous increase of qc with the overburden pressure σ' v (Schmertmann, 1978; Baldi et al., 1986 , among others). The depth at which the cone resistance reaches its quasi-stationary value has been called "critical depth" Dc. Several authors have considered that the lateral displacement of the soil in the early stage of the cone penetration can be represented by a shallow bearing capacity model with an extension of the slip lines towards the soil surface. Such a model was developed at Grenoble by Biarez and Gresillon (1972) , considering that the expanded zone above the foundation has a cylindrical shape (Figure 3) . A simple calculation taking into account the lateral friction along the cylinder allows one to express the cone resistance as:
where: γ' = effective unit weight of sand Φ' = effective friction angle of sand D = cone penetration depth Nq = dimensionless bearing factor for shallow foundations as calculated under axisymetric conditions by Le Gall and Nègre (1966) , as a function of Φ'. K = dimensionless factor governing the friction between the cylinder and the soil at rest. L = lateral extension of the slip lines and dimension of the cylinder as shown on Figure 4 , and expressed by: The theoretical values of Nq in axisymetric conditions are higher than those given by the classical Terzaghi-Prandtl two dimensional model. They can be approximated by: Nq = 1.0584 e 6.1679.tg Φ'
As the diameter B of the cone is small, the first term of equation (1) can be neglected when the depth increases and as σ' v = γ'D, equation (1) can be expressed as:
The interest of this model is to take into account: (i) the axisymmetry of the problem, (ii) the parabolic increase of the cone resistance with depth close to the surface, (iii) a higher increase of q c for a higher value of the friction angle Φ' of the sand, and (iv) a higher increase in bearing capacity with a lower diameter, i.e a small diameter cone reaches more rapidly its quasi-stationary value than a large diameter cone. These last three points correspond to experimental observations in medium dense to very dense sands.
This model has been compared with the initial stage of the cone penetration for various tests performed in the laboratory sand pit with well controlled density conditions and is in good agreement with the experiments (Figure 4) . Quasi-stationary phase. The compressibility of the soil in the quasi-stationary phase can be taken into account by introducing failure patterns with a decrease in the angle between the slip lines with depth, i.e., with increasing compressibility, as proposed for example by Durgunoglu and Mitchell (1975) , or De Simone and Golia (1988). Such a procedure ensures the transition from a complete failure to a local failure pattern. Alternatively cavity expansion models taking into account a compressibility of the soil in the plastic zone and a non linear Mohr Coulomb envelope allow a satisfactory representation of the quasi-stationary value of the cone resistance q st (Vesic, 1972; Baligh, 1975; Salgado et al., 1997) . The latter sophisticated models are able to represent the mechanisms occurring around the cone tip but need generally a numerical procedure.
For standard cones of 36 mm in diameter pushed into saturated sands, the quasi-stationary value of the tip resistance is reached within 0.8 to 1.8m penetration as shown in Figure  10 . As the present study focuses on the interpretation of CPTs not exceeding 3m, it can be considered that the effect of the overburden on the rate of increase of the cone resistance below the critical depth (small gradient) can be neglected. This is confirmed by all the laboratory experiments in homogeneous sand. For a given san, the quasi-stationary value q st is independent of the cone diameter and depends only on the soil density. Thus, for low penetration depth exceeding the critical value, typically for overburden pressures in the range of 20 to 30 kPa, a correlation valid for most silica sands can be established between q st and relative density.
Conceptual model
A simplified model proposed for practical applications is presented on Figure 5 .
The first phase of parabolic increase of the cone resistance with depth is described by the model presented hereabove:
The second phase corresponds to the quasi-stationary phase characterized by a slow rate of increase of the cone resistance with depth. For practical purposes and CPT penetrations not exceeding 3m it is considered that the quasi-stationary value of the cone resistance q st is constant and can be obtained by averaging the values of the cone resistance values measured between the critical depth and the end of the CPT. The critical depth is defined as the intercept between the parabolic and the quasi-stationary phases. The q st value is directly related to the relative density of the sand, as discussed later in this paper. The main assumptions and limitations of the conceptual model are : -the first phase of penetration is governed by the evolution of the effective vertical stress and the value of the internal friction angle; failure mechanisms can be described by plasticity patterns, -the quasi-stationary phase is controlled by the compressibility of the sand and is primarily related to its relative density; this first approximation is only valid for penetrations not exceeding 3m. For deeper penetrations, the secondary effect of the overburden on the quasi-stationary value should be taken into account as is the case in standard CPT interpretations.
Model calibration
The conceptual model was developed from the experimental data gathered these last decades at the Soil Mechanics Laboratory of the University of Grenoble. As mentioned hereabove it is supported by the most recent theoretical works on the compressibility of sands under high stress levels. The calibration procedure is the subject of this section. The calibration is mainly based on the in-situ data.
Determining Φ' from the parabolic phase. A curve fitting procedure was used to derive the values of the effective friction angle associated with the parabolic phase of each insitu CPT curve. The K factor in equation (2) was varied between 0.5 and 4. The best fit was obtained when using a K factor of 0.7. This value ensures an optimal consistency throughout the different calibration phases of the model. The procedure is illustrated on Figure 6 .
The value of the effective friction angle Φ' derived from the curve fitting procedure is noted Φ' f . It may be argued at this stage that this value should only be considered as a conventional method-dependent value. This point will be reconsidered later on. Deriving Dr from the quasi-stationary phase. Laboratory tests carried out in the calibration chamber under well controlled conditions were used to develop direct correlations between the quasi-stationary value of the cone resistance and the relative density of the sand. Very similar relationships were obtained for Hostun sand and Loire sand as shown on Figure 7 . Also plotted on the same graph are the data published by Kerisel and Adam (1962) relative to small piles pushed at constant rate of penetration into a tank filled with a homogeneous Fontainebleau sand . Based on these results and although additional data would be needed for confirmation, it can be estimated that q st and Dr are linked by the following expression: Dr = 0.209 ln q st + 0.25 (7) This gives access to a classification of the sands at shallow depth from the measurement of the quasi-stationary cone resistance value. This classification is presented in Table 1 .
It should be noted that equation (7) fits roughly in the range of the Dr values derived from q c /(σ' v ) 0.5 in the chart proposed by Lancellotta (1983) when taking σ' v = 20 kPa. Empirical relationship between q st and Φ' f . A large number of CPTs were performed well beyond the critical depth so that both the parabolic phase and the quasi-stationary phase could be analyzed. It is obvious from visual observation of the curves that the higher the q st value, the higher the value derived from the parabolic curve fitting and the deeper the critical depth Dc. For each CPT analyzed, the quasi-stationary cone resistance value is plotted on Figure 8 versus the corresponding derived effective friction angle value. These parameters appear reasonably linked by the following empirical relationship: ln q st = 0.2258 Φ' f -6.908 (8) This result has a practical consequence because it allows an estimate of the quasi-static cone resistance value (or alternatively of the relative density of the sand via the q st -Dr relation) from the first phase of penetration. This is particularly useful for superficial sand layers which are not thick enough for the CPT to reach the critical depth.
Significance of Φ' f . The reason why the quasi-stationary cone resistance value (which is governed by the compressibility of the sand under high stress levels) might exhibit a significant degree of correlation with the value of the friction angle Φ' f derived from the curve fitting procedure is not straightforward. Kleven et al.(1986) have performed a series of triaxial tests on North Sea sands at confining pressures ranging from 10 to 800 kPa. Their results are presented on Figure 9 as plots of measured peak undrained friction angle versus relative density. Similar triaxial tests have been performed at Laboratoire 3S on Hostun sand at very low confining stresses in the range 5 to 20 kPa (Gay, 2000) . For the loose sand (Dr around 0.3), a friction angle of 35° was obtained, and for the dense sand (Dr around 0.8-0.9) a value of 42° was found. These values fit well with the results of Figure 9 . Combining equation (7) and equation (8) and eliminating q st gives for all CPT data analyzed a direct relation between the relative density of the sands (estimated from the q st -Dr dependency) and the effective friction angle Φ' f (derived from the curve fitting).
Φ' f = 21.2 Dr + 25.3 (9) This equation matches very well the experimental data of Kleven et al. for confining pressures of 10 to 20 kPa which are representative of the state of stress within the first 2m of penetration. This strongly suggests that the curve fitting procedure provides a value of the effective friction angle which can be compared to the peak drained friction angle of the sand at low confining stress level (σ' m < 20 kPa).
Critical depth Dc. In medium dense to very dense sands, the critical depth -defined as the depth below which the cone resistance has entered into the quasi-stationary phase -can be visually determined with an acceptable level of confidence (+/-0.1m). Experimental Dc values are plotted on Figure 10 versus the corresponding value of the quasi-stationary value of the cone resistance. The critical depth increases from about 0.8m in loose to medium dense sands to about 1.8m in dense to very dense sands.
In very loose to loose sands, the critical depth is difficult to assess because the compressibility of the sand is so high that the parabolic phase cannot develop. A dedicated software CPT_SURF CPT_SURF is a dedicated software which has been developed to process in a semi-automatic mode shallow penetration CPTs in sands.
The program is coded in Visual Basic. CPT data are introduced in ASCII mode according to Fugro internal format. The main steps for a complete CPT analysis consist of: -preselecting in manual mode the depth limits corresponding to the anticipated sub-and post-critical phases; -calculating the effective friction angle by a curve fitting procedure applied on the sub-critical cone resistance values; -determining the quasi-static cone resistance value by averaging the post-critical cone resistance values over the preselected depth; -assessing the relative density of the sand from the empirical Dr-q st correlation;
-checking the compatibility of the results by i) comparing the relative density obtained from the postcritical data with the relative density obtained on the sub-critical data from the empirical Φ' -Dr relation. and ii) calculating the critical depth corresponding to the intercept between the interpreted sub-and postcritical phases and comparing this value to the data bank. If both criteria are satisfactory, the solution is validated. If not, a more detailed analysis can be resumed in manual mode until a compatible set of parameters can be identified. For short CPTs which have not reached the critical depth, the relative density is deduced from the sub-critical phase analysis using the empirical Φ' -Dr relation.
An exemple of a CPT penetration curve processed with CPT_SURF is presented on Figure 11 . 
Conclusions
Over the last five years significant advances have been made in the assessment of burial conditions along pipeline or cable routes. A specific burial assessment survey combines continuous electronic measurements obtained by bottomtowed techniques (e.g., Gambas technique based on seismic refraction) and CPT tests performed at discrete locations to collect the geotechnical parameters. Detailed information must be obtained in the first 2 to 3 meters of penetration below the seabed. The CPT has become the reference geotechnical tool for burial assessment surveys because it offers a number of advantages relative to sampling and lab testing methods: faster data acquisition and reduction; provision of detailed soil stratigraphy and unambiguous identification of materials; capability to provide the geotechnical parameters required for burial engineering; cost-effectiveness.
Various empirical correlations exist between CPT data, geotechnical engineering parameters (e.g. undrained shear strength of clays, relative density and effective friction angle of sands), and geophysical parameters (e.g. seismic velocity). In sands however particular attention had not been paid to the transitory phase of penetration, which is of prime importance for burial activities.
This paper presents a refined model for interpreting CPTs at shallow penetration (less than 3m) in marine siliceous sands. It is based on both laboratory experiments in a calibration chamber and a back analysis of hundreds of CPTs collected during major cable route surveys in water depths ranging from shore to 1800m and in various sand types.
An application software has been developed which allows an accurate determination of the effective friction angle and of the relative density of the sand over the target burial depth. These parameters are directly used to assess the maximum feasible burial depth and the tow force required for plowing operations.
The proposed model also forms a sound basis for developing correlations between CPT data and seismic refraction velocities as shown in OTC Paper 14074.
